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1 Statement of Problem Studied

The Department of Defense directive # 4140.25 dated April 12, 2004 mandates that “primary
fuel support for land-based air and ground forces in all theaters (overseas and in the Con-
tinental United States) shall be accomplished using a single kerosene-based fuel, in order of
precedence: JP-8, commercial jet fuel (with additive package), or commercial jet fuel (without
additives).” A key challenge is to develop technologies for converting diesel-powered equip-
ment employed by the US Army so that they can be powered by JP-8. This conversion is a
complicated process. Many issues with fuel properties and performance have to be considered.

They include autoignition, combustion, fuel injection, lubricity, and spray characteristics.

The objective of the study described in this report is to obtain an improved understanding
of the fundamental mechanisms of autoignition of condensed (liquid) hydrocarbon fuels in
nonpremixed, nonuniform flows. The fuels considered are components of surrogates of gaso-
line, diesel and JP-8. Experimental and numerical studies are carried out. JP-8 is a mixture of
numerous aliphatic and aromatic compounds. The major components of this fuel are straight
chain paraffins, branched chain paraffins, cycloparaffins, aromatics, and alkenes [1,2]. Re-
cently the U. S. Army Research Office (ARO) and the Air Force Office of Scientific Research
(AFOSR) have sponsored several workshops on surrogate fuels for gasoline, diesel and jet fu-
els. In these workshops strategies for developing surrogates were discussed. Also suggestions

were made concerning the choice of components for the surrogates.

Recent experimental investigation of autoignition of liquid hydrocarbon fuels, in particular
n-heptane and n-decane, show that at low strain rates it is easier to ignite n-decane, while at
strain rates it is easier to ignite n-heptane [3]. The reason for this change in relative order
of ignition was not understood. It has been suggested at the ARO/AFOSR workshop on
surrogate fuels that this is an important problem that must be understood because it impacts
on the development of surrogate fuels. The research described in this report addressed this

question.

2 Previous Research

The Propulsion and Energetics division of the U. S. Army Research Office supported at the
University of California at San Diego a research project entitled “Autoignition and Combus-
tion of Diesel and JP-8,”. The principal objective of this research was to develop surrogate
fuels that can reproduce combustion characteristics of diesel, JP-8 and Fisher Tropsch (FT)
JP-8. The combustion characteristics include 1) autoignition and extinction characteristics
in nonpremixed systems, 2) ignition delay times in premixed systems, 3) temperature and

concentrations histories in flow reactors, and 4) burning velocities in premixed systems. Ex-



perimental and numerical studies were carried out.

To capture the influence of the flow field on the critical conditions of autoignition, ex-
periments were conducted in the counterflow configuration. Two types of configuration—the
condensed fuel configuration and the prevaporized fuel configuration were employed in the
experimental study. A schematic illustration of the condensed fuel configuration is shown in
Fig. 1. An axisymmetric stagnation-point flow of a gaseous oxidizer stream over the surface of

an evaporating pool of a liquid fuel is considered. The oxidizer stream is a mixture of oxygen

Injectlon plane

2 ¥N
‘ (ox1dlzer boundary)
| v,,T,
\
|
\
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L1qu1d Fuel

Figure 1: Schematic illustration of the condensed fuel configuration. V5 and V4, are the veloc-
ities at the oxidizer boundary and on the gas side of the liquid-gas interface, respectively. T5
and Ty, are the temperatures at the oxidizer boundary and the liquid-gas interface, respectively.

(O2) and nitrogen (N3). It is injected from the oxidizer-duct. The exit of the oxidizer-duct
is the oxidizer boundary. The distance between the surface of the liquid pool and the oxi-
dizer boundary is L. At the oxidizer boundary, the magnitude of the injection velocity V3,
the temperature 75, the density ps, and the mass fraction of oxygen Yo, 2. Here subscript 2
represents conditions at the oxidizer boundary. On the gas side of the liquid-gas interface,
the temperature is Ty, the mass fraction of fuel is Yf y,, and the mass averaged velocity is Vi, .
Here subscript w represents conditions on the gas side of the liquid-gas interface. The studies

were carried out for Ty, < T5.

In the condensed fuel configuration, a stagnation plane is established between the oxidizer
stream that is injected from the oxidizer boundary at a velocity Vo, and the blowing velocity
at the surface of the liquid pool V4. The structure of the flow field depends on the Reynolds
numbers, Rey = poVaL/ua, and Rey = pwViwL/1w. Here ps and py, are the coefficients of
viscosity at the oxidizer boundary and on the gas side of the liquid-gas interface and py is the
density on the gas side of the liquid-gas interface. The value of Res is large and that of Rey
is small. If Rey < Re;/ 2, a thin viscous boundary layer will develop close to the liquid-gas
interface, the stagnation plane will be established inside this boundary layer [4]. The flow
outside this viscous boundary layer will be nonreactive, inviscid and rotational. Chemical

reactions take place in the viscous boundary layer. The thickness of this boundary layer will



decrease with increasing Res. It has been shown that the strain rate at the stagnation plane,
as, is given by [4]
as — 2V2/L (1)

The values of T, and Yy ,, depend on the kinetics of vaporization. In general the value of
Ty will be lower than the normal boiling point, 7T},. The spatial gradient of temperature and
the spatial gradient of mass fraction of the fuel at the liquid-gas interface will not be zero.
The heat flux at the surface of the liquid fuel will be balanced by the product of the burning
rate and heat of vaporization. The flux of fuel evaporating from the surface of the liquid fuel
will be balanced by the burning rate. The flux of all other species will be zero at the surface

of the liquid fuel.

Critical conditions of autoignition were measured for hydrocarbon fuels employing the
condensed fuel configuration. The fuels tested were, n-heptane (C7Hig), n-octane (CgHig),
n-decane (C19Ha2), n-dodecane (C12Hag), n-hexadecane (Ci6Hsy), iso-octane (CgHig), JP-
8, and diesel. The oxidizer stream was air. At a given value of Vo and Ty < T5; the flow
field was established. Here 75 is the temperature of the oxidizer stream at which autoignition
takes place. The temperature of the oxidizer stream was gradually increased until autoignition
takes place. The values To1 and V2 were recorded. The strain rate at autoignition, as 1, was

calculated using Eqn. (1). Figure 2 shows T as a function of az 1. Here the symbols represent
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Figure 2: The temperature of air, 751, as a function of the strain rate, as; at autoignition
for straight-chain alkanes, iso-octane, JP-8, and diesel. The symbols represent measurements.
The lines are best fits to the experimental data. The experimental data was obtained employ-
ing the condensed fuel configuration shown in Fig. 1.



measurements and the lines are best fits to the experimental data. At a given value of strain
rate, autoignition will take place if the temperature of the oxidizer stream is greater than 75 .
Experimental data, for a given fuel, shows that the value of T5 1 increases with increasing as .
Figure 2 shows that at low values of ag 1, iso-octane is the most difficult to ignite followed by
JP-8, diesel, n-heptane, n-octane, n-decane, n-dodecane , and n-hexadecane. At high values
of the strain rate the order is changed. Figure 2 shows that at high values of the strain rate,
iso-octane is the most difficult to ignite followed by JP-8 and diesel, n-decane, n-dodecane,
n-heptane and m-octane, and n-hexadecane. This change in order has an impact on the
selection of surrogate fuels, because at low strain rate the critical conditions of autoignition of
n-heptane is close to that for JP-8, while at high values of the strain rate the critical conditions
of autoignition of n-decane is close to that for JP-8. The research described here investigated

the reason for the change in order of reactivity for n-heptane and n-decane.

3 Summary of the Most Important Results

Experimental and numerical studies were carried out to investigate the influence of transport
processes on critical conditions of autoignition of high molecular weight hydrocarbon fuels.
The fuels considered were n-heptane and n-decane. The studies were carried out at a pressure
of one atmosphere. The condensed fuel configuration shown in Fig. 1 and the prevaporized fuel
configuration shown in Fig. 3 were employed in the study. In the condensed fuel configuration
the vaporization and transport processes at the liquid-gas interface are similar to those taking
place at the surface of liquid droplets that are injected into the combustion chamber of practical
systems. A key limitation of this configuration is that the temperature, T5,, and the mass
fraction of the fuel, Yr, at the liquid-gas interface depend on the kinetics of vaporization
and cannot be independently changed. This limitation is overcome in the prevaporized fuel
configuration. Here a fuel stream made up of prevaporized fuel and nitrogen is injected from
one duct and an oxidizer stream made up of oxygen and nitrogen is injected from the other
duct. The velocities of the fuel stream and the oxidizer stream at the injection planes are
represented by Vi and Vs, respectively. The temperatures of the fuel stream and the oxidizer
stream at the injection planes are represented by 17 and 15, respectively. The distance between

the injection planes is L. The strain rate on the oxidizer side of the stagnation plane is given

_ 2[V3 Vilver
a=—7 <1+]%@>’ (2)

where ps and p; are, respectively, the density of the oxidizer stream and the fuel stream at the

by the expression [4]

injection planes. In the prevaporized fuel configuration it is possible to independently control
the values of temperature, 77, and mass fraction of fuel, Yr ; at the fuel boundary. This will

allow us, for example, to carry out experiments with n-heptane and n-decane at the same
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Figure 3: Schematic illustration of the prevaporized fuel configuration. V5 and T, are the
velocity and temperature at the oxidizer-injection plane and Vi and 77 are the velocity and
temperature at the fuel-injection plane.

values of 11, and Y ; although their kinetics of vaporization are different.

3.1 Experimental Studies Employing the Prevaporized Fuel Configuration

The parameters that influence autoignition in the prevaporized fuel configuration are (1)
composition of the fuel stream, Yr 1, (2) temperature of the fuel stream, 71, (3) composition
of the oxidizer stream, Yo, 2, (4) temperature of the oxidizer stream, T5, (5) strain rate, as,
and (6) pressure, p. Experiments were carried out at fixed values of 77 = 473K, Yp; = 0.4,
and Yo, 2 = 0.233 (air). At a given value of V5 and Tp < Ty the flow field is established.
The temperature of the oxidizer stream is gradually increased until autoignition takes place.
The values 151 and V> are recorded. The strain rate at autoignition, agj, is calculated using
Eqn. (1). Figure 4 shows the temperature of air, 751, as a function of the strain rate, as
at autoignition for n-heptane and n-decane. At a given value of strain rate the value of T
for n-heptane is higher than that for n-decane. Thus n-heptane is more difficult to ignite in
comparison to n-decane for all values of the strain rate. The agrees with the order shown in
Figure 2 at low value of the strain rates but not with the order shown at the high values of

the strain rates. This is examined further.

3.2 Experimental Studies Employing the Condensed Fuel Configuration

Figure 5 shows a schematic illustration of the experimental apparatus employing the con-

densed fuel configuration shown in Fig. 1. The apparatus comprises the liquid-fuel burner and
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the fuel reservoir. The liquid-fuel burner is made up of two parts: the bottom part comprises
the fuel-cup, the exhaust system, and the cooling system, while the top part comprises the
oxidizer-duct and heating elements. Liquid fuel flows from the reservoir to the fuel-cup. The
reservoir accurately maintains, at a constant value, the amount of fuel in the cup, by matching
the mass rate of fuel flowing from the reservoir to the fuel-cup to the burning rate. Further

details concerning the reservoir are described elsewhere [5, 6].

The fuel-cup has an inner diameter of 35 mm and the depth is 10 mm. From an annular re-
gion that surrounds the fuel duct, a “curtain” flow of nitrogen flows upward. A cooling system
surrounds this “curtain” nitrogen flow. Hot gases that are formed in the mixing-layer between
the surface of the liquid pool and the oxidizer boundary enter this cooling system. Here the
hot gases are cooled by water, that is sprayed from a nozzle, before they enter the exhaust
system. The oxidizer-duct is made of quartz. The inner diameter of the oxidizer-duct is 23.5
mm. Near the exit of the oxidizer-duct several nichrome wire screens (100 mesh) are placed
to make the velocity profile uniform. From an annular region that surrounds the oxidizer-duct
a “curtain” flow of nitrogen flows parallel to the oxidizer stream. The air flowing inside the
oxidizer-duct is heated by a silicon carbide heating element placed inside the oxidizer-duct.
Additional heating is provided by wires wrapped around the quartz duct. To minimize heat
losses, a blanket is wrapped around the the top part of the burner. The distance between the

surface of the liquid pool and the oxidizer boundary is L = 12 mm.

All gaseous flowrates are measured by computer-regulated mass flow controllers. The cal-
ibrated accuracy of these mass flow controllers is +£1%. The temperature of the air at the
exit of the oxidizer boundary, T5, is measured using a Pt-Pt 13% Rh thermocouple with wire
diameter of 0.07mm and a junction diameter of 0.21 mm. The measured temperature is cor-
rected for radiative heat losses assuming spherical shape of the junction, a constant Nusselt
number of 2.0, and a constant emissivity of 0.2 [7]. The accuracy of the corrected temperature
is expected to be better than +25 K. The velocity of air at the oxidizer boundary, Va, is
presumed to be equal to the ratio of the volumetric flow-rate of air to the cross-section area

of the oxidizer-duct.

The parameters that influence autoignition in the condensed fuel configuration are: (1)
composition of the oxidizer stream, Yo, 2, (2) temperature of the oxidizer stream, T3, (3)
strain rate ag, and (4) pressure, p. The experiments were conducted with Yo, 2 = 0.233 (air).
At a given value of V5 and Ty < T the flow field was established. The temperature of the
oxidizer stream was gradually increased until autoignition takes place. The values T51 and V>
were recorded. The strain rate at autoignition, as 1, was calculated using Eqn. (1). Figure 6

shows the critical conditions of autoignition for n-heptane and n-decane. The experimental
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Figure 6: The temperature of air, 751, as a function of the strain rate, asy at autoignition
for Yo,2 = 0.233 (air). The symbols represent measurements. The lines are best fits to

the experimental data. The experimental data was obtained employing the condensed fuel
configuration shown in Fig. 1.

data in Fig. 6 agree with that shown in Fig. 2 for n-heptane and n-decane. At low values
of the strain rate, n-decane is easier to ignite when compared with n-heptane while at high
values of the strain rate n-heptane is easier to ignite.

3.3 Numerical Calculations

To investigate the fundamental reasons for the qualitative differences between the ignition
characteristics of n-heptane and n-decane illustrated in Figs. 4 and 6, numerical calculations
were performed using detailed chemical-kinetic mechanism for n-heptane and n-decane. For
n-heptane the mechanism described in Refs. [8,9] were employed while for n-decane the mech-
anism described in Ref. [10] was used. Calculations were performed using the condensed fuel
configuration shown in Fig. 1. Boundary conditions are applied at the exit of the oxidizer-
duct and at the liquid-gas interface. At the exit of the oxidizer-duct, the temperature, 15,
the composition, Yo, 2, and the injection velocity, Vs, of the oxidizer stream is specified. The
tangential component of the flow velocity at the injection plane is zero. At the liquid gas inter-
face, the no slip boundary condition is applied. The temperature is assumed to be the boiling
point of the liquid fuel. The flux of all species except that of the fuel is zero. The heat flux
into the liquid pool is balanced by the product of the burning rate and the heat of vaporization.

Figures 7 and 8 show that at a given value of the strain rate, the calculated values of
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the Th1 is greater than the measured values. The calculated values of critical conditions
of autoignition do not agree with the experimental data, therefore they do not provide the
reasons for the qualitative differences between the autoignition characteristics of n-heptane
and n-decane.

3.3.1 Influence of Diffusion Coefficients

Figure 9 compares the critical conditions of autoignition calculated using the detailed mech-
anism with those calculated with the diffusion coefficient of n-heptane changed to that of

n-decane. There is very little difference between the calculated values. Figure 10 shows simi-
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Figure 9: The calculated values of the temperature of air, 75 1, as a function of the strain rate,
az1 at autoignition for Yo, o = 0.233 (air). The fuel is n-heptane. The calculations employed
the condensed fuel configuration shown in Fig. 1. The figure illustrates the influence of diffusion
coefficients on critical conditions of autoignition.

lar comparison for n-decane. Thus the qualitative differences between the critical conditions
of autoignition between n-heptane and n-decane shown in Fig. 6 cannot be attributed to
differences in diffusivities between n-heptane and n-decane.

3.3.2 Influence of flow field

To characterize the influence of the flow field the concentration of the fuel was measured 1 mm
above the liquid-gas interface. The measurements were made for various values of the strain
rate and at a value of Ty that is less than the autoignition temperature by 5K. Figure 11
shows the measured mass fraction of n-heptane and n-decane as a function of the strain rate.

The mass fractions increase with increasing strain rate. At a given value of the strain rate

11
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the value of T5 1 increases with increasing value of Y ;. Figure 11 shows that the increase in
the mass fraction of n-heptane is steeper than that of n-decane. Thus, the relatively higher
mass fraction of n-heptane in comparison to that of n-decane at higher values of the strain

rate appears to be the reason why heptane is easier to ignite at high values of the strain rate.

3.4 Summary and Conclusions

The present research was carried out to investigate the reason why n-decane is easier to ignite
in comparison to n-heptane at low strain rates while n-heptane is easier to ignite at high
strain rates. Experiments were carried out employing the condensed fuel configuration shown
in Fig. 1 and the prevaporized fuel configuration shown in Fig. 3. The results obtained in the
prevaporized fuel configuration (Fig. 4) show that n-decane is easier to ignite when compared
with n-heptane for all values of the strain rate. This is different from the data obtained using
the condensed fuel configuration (Fig. 6). Thus the qualitative differences between the results
obtained in these configurations cannot be attributed to the diffusion coeflicients of n-heptane
and n-decane. This is confirmed by the calculated values of critical conditions of autoignition.
Figure 9 shows that the critical conditions of autoignition of n-heptane does not change if the
diffusion coefficient of n-heptane is changed to that of n-decane. Similar results are obtained
for n-decane as shown in Fig. 10. The concentration of fuel was measured at a distance of
1mm above the liquid-gas interface. The results show (Fig. 11) that the concentration of
n-heptane increases more rapidly than that of n-decane. This is the reason why it is easier
to ignite n-heptane at high values of the strain rate. Future work should focus on improving
the chemical-kinetic mechanism of n-heptane and m-decane, so the the critical conditions of

autoignition calculated using these mechanisms agree better with experimental data.
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